We applied a cDNA phage display method called serological antigen selection (SAS) to identify immunogenic targets that evoke an autoantibody response in serum of multiple sclerosis (MS) patients.
Introduction
Multiple sclerosis is a chronic inflammatory and demyelinating disease of the central nervous system (CNS). It is the most common disabling neurological disease affecting mostly young adults with a predominance for females and a prevalence in the USA and Northern Europe of ~100 per 100,000 people. 1 The etiology of MS is still unclear but most evidence supports an autoimmune pathogenesis of the disease in which both the innate and the adaptive part of the immune system are involved. According to this autoimmune hypothesis, autoreactive T cells are considered to be the most important contributors to the inflammation in MS. However, it is now clear that B cells and antibodies also contribute in many ways to the pathology of MS by being involved in several processes like antigen capture and presentation, tissue damage and even remyelination and tissue repair. 2 The most compelling evidence for a role of the humoral immune response is the intrathecal antibody production by plasma cells in the cerebrospinal fluid (CSF), resulting in oligoclonal bands (OCBs) in more than 95 % of MS patients. 3 The oligoclonal bands differ between patients but remain constant over time in each individual patient, indicating a long-lived chronic intrathecal immune response. [4] [5] [6] antibodies are not specific for MS but are also found in other inflammatory neurological diseases like subacute sclerosing panencephalitis (SSPE). 7 In SSPE, the majority of the OCB antibodies are directed against the measles virus that is causing the disease whereas for MS there is still no general consensus on the nature of the antigens that react with the OCB present in the CSF. 8, 9 Several groups showed the oligoclonal expansion of B cells in the CSF and lesions of MS patients. When studying the immunoglobulin (Ig) heavy chain variable regions (VH) repertoire, it is clear that a preferential usage of VH1 and VH4 chains occurs. Also numerous somatic hypermutations were reported with a high replacement-to-silent ratio in the CDR3 regions. [10] [11] [12] Together these data indicate an antigen- Based on these antibody profiles, they were able to discriminate controls from MS patients. Moreover, specific IgG-patterns allowed them to distinguish between the three subtypes of MS. 16 Other groups reported the identification of possible disease related antibodies in serum of MS patients. [17] [18] [19] To search for novel biomarkers, we used a cDNA phage display-based method named serological antigen In this paper, we describe the optimization of a differential screening procedure in which positive selection rounds on MS serum and negative selection rounds on healthy control (HC) serum were alternated. Using this approach the aspecific enrichment of IgG-encoding cDNA fragments was highly reduced.
Materials and methods

Patient material
Serum samples were obtained from MS patients, patients with other inflammatory (meningitis, polyneuropathy,…) and noninflammatory neurological disorders (hernia, epilepsy, dementia,…) and healthy volunteers. After collection, serum samples were stored at -80°C.
For the affinity selection, pooled serum from 10 untreated RR MS patients was used (8 women, 2 men, mean age 47, mean
Expanded Disability Status Scale (EDSS): 2, range: 1-4). Pooled serum was first adsorbed against Escherichia coli (E. coli) and phage components by repeated passage through columns of Sepharose 6MB (Pharmacia, Uppsala, Sweden) coupled to lysates of E. coli Y1090 and bacteriophage-infected E. coli XL1Blue. After adsorption steps, aliquots of sera were prepared in 0,2 % (w/v) skimmed milk powder in 1 x tris-buffered saline (TBS) (50mM Tris-HCl (pH 7.9) and 150 mM NaCl) and stored at -20°C.
Construction of cDNA phage display library
A cDNA library (1.0 x 10 6 primary recombinants), derived from active chronic MS plaques with varying degrees of demyelination and inflammatory activity was kindly provided by Dr. Soares (University of Iowa). This library was normalized by a procedure based on reassociation kinetics. 25 The cDNA library was transferred into our cDNA phage display vectors, named pSPVIA, pSPVIB and pSPVIC, 26 each representing one of three different reading frames. Cloning procedure was performed as described previously. 27 
Serological antigen selection of phage cDNA repertoires
Pooled serum samples of 10 RR MS patients were used for affinity selections. Selections were performed as described previously. 27 Briefly, immunotubes (Nunc, Roskilde, Denmark) were coated with 10 μg/ml rabbit anti-human (RαH) IgG (Dako, Glostrup, Denmark) in coating buffer (0.1 M sodium hydrogen carbonate pH 9.6), overnight at 4°C. After washing the immunotubes with phosphate-buffered saline/Tween 20 (PBSTween: 50 mM Tris, 150 mM NaCl, pH 7.5, 0.1 % Tween 20
(v/v)) and PBS, the tubes were blocked for 2h at room temperature (RT) with 2 % MPBS (2 % w/v milk powder in PBS).
Phage were purified from each library (MS-pSPVIA, MS-pSPVIB and MS-pSPVIC) as described previously. 28 Approximately equal numbers of phage derived from each library (ca. 2 x 10 12 pfu) were added to pooled serum (1:100 diluted in 4 % MPBS) and incubated in a glass tube for 1.5 h at RT on a rotating platform. After washing the coated immunotube with 0.1 % PBSTween and PBS, the preincubated serum and phage mix was transferred to the coated immunotube and incubated for 30 min on a rotating platform and for 2h standing at RT. Tubes were washed extensively with 0.1 % PBSTween and PBS to remove non-bound phage. Bound phage were eluted with 1 ml of 100 mM triethylamine for 10 min on a rotating platform and neutralized with 0.5 ml 1 M Tris-HCl, pH 7.4. Input and output phage were amplified by infecting E. coli TG1 cells and were plated on 2 x YT agar plates containing ampicillin and glucose (31 g/l Difco TM yeast extract tryptone (BD, Erembodegem, Belgium), 15 g/l bacto TM agar (BD, Erembodegem, Belgium), 100 μg/ml ampicillin and 2 % (w/v) glucose) at each round of 6 selection. Resulting colonies were scraped and phage were rescued for further rounds of affinity selections. Input and output phage from each round of selection were titrated and the ratio of output/input phage was determined to monitor enrichment of specific clones.
Depletion of aspecific phage
In previous experiments using MS serum, specific enrichment of phage displaying candidate MS antigens occurred after each selection cycle. However, after a few selection cycles, cDNA products encoding for IgG transcripts were identified. For that reason, an alternative selection strategy, called negative selection, was introduced to deplete these antigens. After each positive selection round phage were prepared and used for a subsequent negative selection cycle on healthy control (HC) serum (1:100 diluted in 4 % MPBS). After a preincubation for 1.5h at RT on a rotating platform, the preincubated HC serum and phage mix was transferred to the coated immunotube for 30 min on a rotating platform and 2h standing at RT. Non-bound phage were then recovered and used for infection of E. coli TG1 cells. Phage were rescued again and the selection process of alternating selections on MS patient and normal sera was repeated. After each selection round, output phage were used for amplification and titration.
Screening for enriched clones with PCR and fingerprinting
After a few selection rounds, individual colonies were picked and the insert size was determined by PCR. Primers (Eurogentec, Ougree, Belgium) flanking the EcoRI and NotI cloning sites of the vector were used (forward: 5'-CTC TCT GTA AAG GCT GC-3' and reverse: 5'-CGC CAG GGT TTT CCC AGT CAC GAC-3'). Briefly, after an initial denaturation step for 5' at 95°C, colonies were subjected to 35 cycles (30" 94°C, 30" 55°C, 1' 72°C) of PCR amplification in an ICycler (Biorad, Nazareth Eke, Belgium). Amplification products were analysed by gel electrophoresis on a 1.0 % agarose gel to confirm the presence and size of the cDNA inserts. PCR products were used for fingerprinting analysis by incubating 10 μl of the amplification product with 5U of the restriction enzyme BstNI (Roche Diagnostics, Vilvoorde, Belgium) for 2h on 37°C. After enzyme digestion, restriction products were analysed on a 2 % agarose gel.
ELISA of ligand-displaying phage
Ninety-six-well flat-bottomed microtiter plates (Falcon/BD, Erembodegem, Belgium) were coated overnight at 4°C with 200 μl of RαH IgG (Dako, Glostrup, Denmark), 10 μg/ml in coating buffer (0.1 M sodium hydrogen carbonate pH 9.6) and blocked with 200μl of 2 % MPBS for 1h at RT. Following preincubation of 50 μl diluted serum (1:100 in 2 % MPBS) with 100 μl of PEG-purified phage (10 10 phage/well) in a 96-well round-bottomed plate (Nunc, Roskilde, Denmark) for 1h at 37°C, the plates were shaken for 30 min at RT. After washing three times with 0.1 % PBSTween and PBS, the preincubation mixture was transferred to the RαH IgG-coated plate and incubated for 1h at 37°C and 30 min shaking at RT. After washing the plate with 0.1 % PBSTween and PBS, 150 μl of a peroxidase conjugated anti-M13 monoclonal antibody (Amersham/ Pharmacia/ Biotech, Diegem, Belgium), diluted 1:5,000 in 2 % MPBS was incubated for 1h shaking at RT. After washing the plate with 7 0.1 % PBSTween en PBS, 130 μl of a 3,3',5,5' tetramethyl-benzidine dihydrochloride (TMB) chromogen solution (10mg/ml) was added. Colour development was stopped with 65 μl/well 2 M H 2 SO 4 . The plates were read at 450nm in a Bio-Rad
Benchmark microplate reader (Bio-Rad, Nazareth Eke, Belgium).
For identification of plastic-binders, plastic-binding capacity was assessed with the above described standardized ELISAprotocol (in presence of serum) and several experimental conditions (in absence of serum): i) non-coated microtiter plates blocked with 2 % MPBS, ii) non-coated microtiter plates blocked with 2 % BSA (in PBS) and iii) non-coated microtiter plates blocked with PBS.
Results
Serological antigen selection of a MS cDNA library with patient serum
Pooled serum samples of 10 untreated RR MS patients were used for selections of a MS phage display library against a polyclonal anti-human IgG antibody. We decided to pool serum samples to diminish patient-specific reactivity and maximize the identification of MS-related antigens. The SAS procedure is outlined in figure 1a . For a first, positive selection round, equal numbers of phage purified from our three cDNA phage display libraries MS-pSPVIA, MS-pSPVIB and MS-pSPVIC are incubated with pooled serum from MS patients. IgGs present in serum are able to bind to specific antigens that are displayed on phage. Selected phage clones are amplified and used for a subsequent selection cycle. After each selection round, input and output titers are determined. Table 1 shows a rise in output/input ratio with increasing rounds of selection which is a reflection of enrichment of specific phage clones. From the 4th positive selection round, a stabilization in the output/input ratio was obtained. Individual colonies from each round of selection were picked and the insert size was determined by colony PCR. Insert sizes ranged from 600 to 2100 bp.
Depletion of aspecific phage clones
To reduce the number of phage clones that express IgG in our expression library, a depletion strategy was developed that entailed the use of negative selection rounds in which pooled serum of HC was used. After each positive selection round (using MS serum), a negative selection procedure was performed as depicted in figure 1b. In total, 10 alternating selection rounds were performed (5 positive and 5 negative selection rounds). PCR and fingerprinting analysis were used to determine the percentage of IgGdisplaying phage clones. Table 2 shows the percentage of IgG transcripts from selection rounds 1-4. The percentage of IgG-displaying phage clones substantially decreased after each negative selection cycle.
To analyse enrichment of phage clones, fingerprinting analysis was performed after each selection. For the first 3 selection rounds, no enrichment was found while for the 4 th selection round 3 phage clones, UHMSs-1, UHMSs-2 and UHMSs-3 (short for UHasselt MS serum pool-number of the clone) were enriched 3, 2 and 5 times, respectively. Enrichment was also determined in later rounds of selection but ELISA experiments revealed that this enrichment was aspecific.
Phage ELISA screening of antigens selected with serological antigen selection
The efficiency of selection was determined by testing the number of phage clones reactive in ELISA with the MS serum pool used in the selection procedure. Positive clones were identified after 4 rounds of selection. Empty phage was used as a negative control. Reactivity of selected antigens was further determined in the individual sera comprising the MS serum pool used for the SAS procedure. Figure 2a illustrates Figure 2b illustrates the results of phage clones UHMSs-4 (derived from the 7 th selection round) and UHMSs-5 (derived from the 8 th selection round).
Empty phage was used as control. Reactivity of UHMSs-4 and UHMSs-5 is very high in all tested conditions which indicates that the reactivity is directed against the plastic surface of the microtiter plates.
This is in contrast to reactivity of empty phage which was comparable with normal background signals when tested under standard conditions and when the microtiter plate was blocked with 2 % MPBS (in absence of serum). When different blocking conditions were applied (2 % BSA or PBS) reactivity of empty phage was higher than standard background signals (using 2 % BSA) and comparable (using PBS)
to the aspecific signal of the plastic-binders.
Despite the fact that in later rounds aspecific phage clones were selected, we identified immunoreactive clones in earlier selection rounds which displayed specific reactivity in individual sera of the pool.
Immunoreactivity and MS-specificity of these phage clones will be tested on a larger panel of serum samples derived from both MS patients and controls.
Discussion
In our study, we used a cDNA phage display method called serological antigen selection (SAS) as a strategy to identify new antigenic markers in serum of MS patients. Previously, our group successfully applied this technology in CSF of MS patients. A panel of 8 novel antigenic MS markers was identified and these candidates are currently under further investigation (Somers et al., in preparation) . In this and our previous CSF study a cDNA expression library derived from active chronic MS plaques with varying degrees of demyelination and inflammatory activity was transferred into our pVI-cDNA phage display vectors resulting in high diversity libraries (total library size of 1.1 x 10 7 cfu). The use of a cDNA library displayed as a C-terminal fusion of minor coat protein VI has already been proven successful in several studies. 29, 30 Fusion of cDNA to minor coat protein VI results in functional monovalent display of foreign proteins. 26, 29 In that way, high affinity antigen-antibody interactions are preferably selected and weak background interactions are reduced. When cDNA is used, both small gene fragments and whole genes can be displayed, depending on the targets that need to be identified. Small fragments have the advantage of more efficient expression and less toxicity to bacteria and are excellent for mapping binding domains.
It should however be kept in mind that fragmented libraries need to be larger in order to include a great diversity. Expression of larger fragments (up to 3 kbp) is also possible but toxicity to bacteria can be a problem regarding the efficient expression of the corresponding proteins. 31 To apply SAS in serum, an optimization of the procedure was needed to deplete cDNA products encoding for IgG-transcripts and to diminish the broad antibody profile existing in serum. In serum a natural antibody repertoire exists of which the majority is non-disease related. By alternating positive selection rounds, using MS serum, with negative selection rounds, using HC serum, a depletion of IgG-encoding phage clones and non-disease related phage clones occurs, thereby facilitating the identification of MSrelated cDNA phage clones. For a first, positive round, the cDNA phage display library is incubated with pooled serum of MS patients. Serum antibodies interact with their specific antigen displayed on phage.
Phage-antibody complexes are isolated and selected phage used for a subsequent negative selection round using pooled serum of HC. HC antibodies will bind non-MS related phage clones and IgG-displaying clones. Therefore, phage not interacting with HC serum antibodies are isolated and used for amplification.
Throughout the repeated cycles of selection and amplification a specific enrichment of possible MSrelated phage clones occurred which was reflected by a rise in the output/input ratio. In doing so, even a low titer immune response would be expected to recover the specific antigen. Furthermore, by alternating positive and negative selection rounds, a significant decrease of IgG-displaying phage clones was observed after each negative selection round, thereby preventing an overgrowth of IgG-displaying phage clones.
Efficiency of selection was monitored by testing immunoreactivity of selected phage clones in individual sera of the MS serum pool. Reactivity is especially found in phage clones derived from the first 4 selection rounds. Phage clones derived from later selection rounds showed either no reactivity or aspecific polyreactivity against individual sera of the pool. Possibly when selection cycles are repeated, antigens that display a high affinity for antibodies are selected. These high-affinity antibodies could be very relevant regarding pathogenesis and diagnosis of MS, but probably their concentration in serum is too low to detect with phage-ELISA. This can explain the lack of reactivity for some of the selected phage clones in later rounds of selection. Another option is that throughout the elaborate selection cycles there is a preferable selection of the best growing phage clones instead of the most relevant ones. Hence, aspecific phage clones, for example plastic-binders, can be enriched, explaining the polyreactivity of some clones.
This phenomenon of plastic-binders has also been described by others. 32 Also, a stabilization in the output/input ratio was obtained at round 4. Further rounds of selection did not result in a additional specific enrichment indicating that the limit of enrichment has been reached. Together, these data show that in following experiments possible MS-related antigens have to be determined in phage output from the first 4 selection rounds, before the presence of aspecific phage clones could hamper the screening process.
After determining immunoreactivity in the individual sera of the MS pool, MS-specificity will be determined by evaluating immunoreactivity of selected phage clones in the serum of several control patients that will be divided into 2 groups consisting of non-inflammatory neurological diseases and other inflammatory neurological diseases. The final aim is to compose a panel of markers in serum of MS patients.
In conclusion, as phage display is amenable to high-throughput analysis, SAS is a very powerful technology to generate broad disease stage serological antigen profiles in autoimmune diseases like MS and rheumatoid arthritis. These antigen profiles can serve as surrogate markers and aid in the diagnosis and prognosis of several autoimmune diseases.
